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AI] S’I’RAC”J’

‘1 “hc polarimtion  of l,yman-u  radiation, produced by electron  impact excitation of
atomic  IIydrogcn, has been measured for the first tin]c over the extended energy range
f~onl nCaT  -  thrcsho]d  to ] 800 cV. M~as~lrcnlcnts MJCIC ~)btajlled  ill a crosscfi.bcallls
cxlmrinwnt  using a silica-reflection Iirlcar  polarization analyzcl iu tandem with a vacuum
ultraviolet (VLJV) monoc}]ronlator  t(} jso}alc t]}c ~llliltcd  ]illc  ~adjatjorl.  ~,oI1lJlarjsoll  Wjt}l
WIr ious thcoretica] calculations shows the present cxJ)crin~c~~tal  results arc in good
a$,[ccn~c~lt  with t]]cory over the c]~tirc  Ia])gc  of electron impact cmgics and, in particular,
atc i]] cxcellcnl  agrccmcnt  with the lat.cst  theoretical c.onvolgcill  close coupling (CCC)
calcwlatimis  of llubc]cv et al. (J 995). ‘J’hc present pola]ixatim data arc sig[~ificantly
dlffcrcni flom the J>rcvious  cxpcrimcntal  mcasurc]ncnl  of Ott ct al, (1 970).
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1.0 IN’J’l{OllIJC’1  ’ION

Polarimtion of atomic line radiation has been of gmcral intrxcst  since its early
ctiscovcry in the yiccman effect, and tlmrc is IWW a relativcl  y large body of” data available
on polarization of electron impact-indmcd radiation (McConkcy  ct a], (1 988)).
l’olarization  mcasulc~nmts  in the vacuum ultraviolet (VLJV) lmcscllt  particular difficulties
for cxpcrimcntalists.  Since most of the standard bircfringcnt  materials do Jd transmit in
the V[JV, rcflcclion  devices with low rcflcciion  coefficients must bc USCCJ. “1’~~c  problcm  is
further compowdcd  by the instability of mnc of the commonly used opiiml materials
(SUCh  as J i]’), tlIC lack of reliable high q(iality optical clata for some Inatcrials  and, in
some cases, low polar  izance.  In addition, t cilcction  devices arc suscept iblc to changes in
their reflection cl~aractcrislics  from the accumulation of su~facc  films, cwvl in systems
Clnp]oying c]caJl vacuum (] ]ammond et a]. (] 989)).

MLICh of the available cxpcrimcntal  V(JV polarization  data have txml obtained by
the Windsor group and refer to the cxcita~ion  of the rare g,ascs  and vtirious molecules
(SCC, fbr cxa]np]c, Wcstcrvcld  et al (1 985), Malcom ct al (1 979), I lusc]~i]l  ct al (1 981),
l)asscn  and McConkey  (1 981 )).

Accurate experimental values fol the polarization of Iadiation  produced by
electron impact excitation provide a sensitive test for theory by dctermininp,  the relative
populations of tlm dcgrmcratc nlagnctic  sublcvc]s  in the excitation process In addition,
since c.lcctton in ~pact  excitation cross scctif)ns are typically n~casured in a c.? osscd-beams
configuration, with the emitted radiation detected at 90° to the C] CCIJ’WI beam axis,
polarizit  ion mcasur cmcnts  arc required to c.orJ cct these data in order to obtain  values for
the integral cross section.

‘1’hc first Itjcasurcnmnt  of the pola~imtion  of 1,yman--a radiatiorl  produced by
c]cctron impact excitation of atomic ]Iycltogcn  was reported by ];itc and ])racknlann
(1 958). Values for the polarization were (ictcI n~incd  from the angular distribution of the
] ,ymall--a radiation. 1 lowcvcr, the data WCJC csscntia]ly  of a prc]iminal y nature and have
very large crrol ba W.

‘]’hc only subsequent mcasurenlcni  Icportcd in the ]itcraturc is that of Ott et al.
(1 970). “1’hcsc autliors used a tungsten oven to dissociate molecular hydrogen and an
oxygen filter and iodine vapor photon comllcr to isolate and detect ll~c 1,yman-a
radiation rcflectcd  fionl a 1,il: crystal JllOUJd(:d  at the Brewster anp,]c in their polarization
anal yz.cr. ‘1’hc polar i~ation data of C)tt et al (1 970) llavc been widcl y used in the literature
to co?rcct  the 1 I(2P) cross section data of 1,ong, et al. (1 968) for po]arimtim  effects in
order to obtain values for the integral cross section.

Accurate lN.Iku i~ation data play a pivotal role in the nwasurcnwnt of’ intcgta] cross
sections, not oJiiy for comparison with various theoretical approxirna.  tiol~s  but, as
inlJ~orlantly,  fol establishing the secondary standards for spectroscopic ~ilodcling  of
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stellar and phinctary  atmospheres. In this ~ja]mr,  ncw nmasurerncnts  we presented of the
polarimtiml of l.yman-cz radiation pro(tuczd  by electron impact excitation of atomic
hydrogc]l  in (he extended energy range frmn near-threshold to 1800cV.  ‘l’he present
cxpcrimcntal  approach takes advantage of rcccnt developments in VLJV polari~ation
analyzers (Chwirot et al. (1 993)) and 11. atom sources (Slcvin  and Stirling (1981)) which
arc capahlc  of producing atomic densities 3 orders of magnitude greater than previously
available. l~urthcrmorc,  the usc of a 0.2. meter V(JV ~~~or~ocl~r{)l~~a.tor  in the present
cxpcrimcnta.t  apJ~aratus  pcn nits the unambiguous i sol at ion of the 1,yman-u  radiation.
‘]’his leads to a more accurate ctctcrmination  of the molecular contribution to the signal
than in previous work and opens the possibi]ify  of extending the prcsmlt nlcasurcmcnts  in
the future to higher members of the 1,yman  smics.

2.0 POI,ARIZA’I’10N 01” I,INI: RAI)IA’I’JON

l)ipolc radiation emitted in the relaxation of an atom excited by electron impact
will, in gclm+rl,  bc polarized duc to the anisotroJ~y  of the collision pmccss.  ‘l’he present
cxpcrinmt  has a crossed-beam geometry, with the incident electron beam defining an
axis of synlmctry.  It can bc shown (SCC,  fdr example, Andcrscn  et al. (1 988)) that for
such cylindl  ical symmetry the radiation cai~ bc completely charactcriz.cd  by a single
integrated Stokes  parameter S, which is dcfj m-l by

where 1(0° ) (nlso rcfcrrcd to as 1,1 ) and l(90c’ ) (or IJ ) arc the photon il~tcmitics  observed
at 90° to the electron beam axis with electric vector parallel  or pcrpcndicl]lar  to the beam,
respective] y. ‘1’his pararnctcr  is often given the symbol P (=- S,), and is rcfer~cd to as the
J~olarimticm ofthc radiation.

A col)lprchcnsivc  theoretical trcainmlt  of the polarimtion of radiation was first
given by Percival  and Scaton (1 958). More rcccntly,  lllum (1981) and Andcrscn  et al.
(1 988) set polarization n]casurcmcnts  in the wider context of a description of collisional]y
excited atoms in terms of state mu]tipo]c;s. llxcitcd  atomic stales populated by electron
impact cm ground state atoms CVOIVC ur~dcr the influence of spin-orbit and hypcrfinc
interactions and decay with the cn~ission  ofladiation. “1’hc  relationship between the cross
sections fol populating the various degcImatc  magnetic sublevels of the cxcitcd  state and
the rcsultinl:  polarization is characterimxl  by a set of constwlts  which depend on the
relative magnitudes of these interactions. FOI the 1,yman series the polarization takes tllc
following f{~rn~

100(i) -Q, )
I](IIP) = (23js~o  -3.749 i) (2)
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where QM is the cross section for excitation ofthc  magnetic sublevel M rckdcd to the
orbital angular mommtum  and it is assumed that hypcrfim  interactions and radiation
dampir)g  cm bc ncglcctcd,

At high cncrgics,  where the Ilcthc-130rrl  approximation is cxpcctcd  to bc valid, the
polarizatio]~ 1’ of electron impact induced radiation from an atomic state j can bc
calcu]atcd  fio~II aJlorl~  expression derived by Mcl~arlanc (1974). ‘J’his  high cncrgy limit
of the polat ization has been discussed in some detail by I lcddlc  (1 979) , who shows that
the parm nctcr P can bc rcprcscntcct in this a])proxi I I M ion by the expression

(3)

where 1’0 is tl]c polarization at threshold produced by clcctrol]  in~pact of Inonocncrgctic,
clcctmns of c~lcr~y  Ij , cj is a Parameter wllicl~  dcscribcs  the angular  distribution of the
scattcrcd  electrons, and R is the Rydbcrg  co~lstallt, ‘1’hc parameter I’[J cal] bc calculated
exactly from angular momentum conservation cxmsidcrations  and has a value of 0.42 for
n]> cxcitatio]ls  (1’crc,iva] and Scaton (1 958)). 1 Jsit~{~,  a IIorn tipproach  to tllc excitation,
lnokuti  (1 971) lias obtained a value of 0.408 f[ll Cj. With these values for the constants 1’0

and cj , equation (3) dctcrmincs  the high energy IJorf) limit fol the polarization.

OIIC conscqumcc  of the abcwc formulation is that the polarization has a value of
zero at an energy given by 11=c3 ]{/4  Cj,. 1 Jsinp, lhc al)ovc  value  for Cj , the polarimtion is
xcro at an itn])ac.t  energy of 167cV. An cxpcr inmltal dctcrminatim  of this quantity is
thcrcforc of considcrab]c  interest.

]:il]a]]y, cxpc] imcnta}  observations of c.n~ittr:d  radiation rnadc at an ang]c of 90° to
the electron beam axis must bc corrcctcd  for the Jjolarization  of the radiatiml  in order to
dctcrminc  the integral cross section for the excitation process. Such raw cxpcrimcntal
data yic]d values of the apJ>arcnt  cross section ( (&. ) which arc related to the true intcgra]
cross section ( Q,. ) by

()Q,=Q,O 1-; (4)

Mcmurcmcnts of the polarization arc thus not only of inte.mt  iii determining
magnetic sLlb]cvc] cross sections, but also to pr(~vidc  a means for correcting JJoJarization
sensitive data.
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‘1’hc experimental apparatus consists of an electron  impact collision chamber
equipped wit h an atomic h ydmgcn  sow m, in tandm  with a 0.2 meter VLJV
nmnoclmnwdor (resolving power 250) mcl silica reflection linear pokmization  analyzer
(Chwilot ct al. (1 993)) positioned a{lcr (IIC exit slit c)f the monochromator.  ‘]’hc

/

clcct~  osiatic  c]cctron  gLIII and l~~o~~oclllo~~~ato~  systems have been dcscritml in dctai I in an
“earlier publication (.Janlcs ct al. (1 997)). ‘{ (’) ?( /.);) $7

‘z ‘1~ fil~~” ( jtz~+”he usc of an c]cctrostatic  election pun ~vcr the entire energy range from ncar-

~@@ ~; ‘ ‘ ‘ ‘ ‘ ~ ,thrcslw]d to 1800CV is an important fca!urc  of the present cxpcrimcntal  configuration.
As poilltcd out by Ot[ ct al. (1 970), polarizatim; mcasurcmcnts  using magnetically
confitmd  electron beams may bc subject to systematic crroJs duc lo sl)ilaling  and other
effects associated with magnetic field col)frncmcnt. ‘1’his is especially true at low
energies C1OSC to thrcsbold, and rcsu]ts i~] a ~cducticm in the observed polarization. While
clcctroslat  ical I y focused electron beams ]mscnt  the cxpcrimcntcr  with the difficult task of
minimisillg energy-dcpcndcnt beam ovc~lap  variations, a crucial prob]cm  for a
mcasul mcnt of the optical cxcitat  ion futd ion, beam ovcr]ap effects are not important in
polarization mcasurcmcnts since the cxpm imcntal data relate to a mfio of Ilf and 14 signals
mcasumd  at each energy and overlap vmiations  cancel.

A l~araday  cup designed to climirmtc Ijackscattcrcd  secondary electrons is used to
monitor tbc clcclron  bcarn current (typically 5pA). “1’hc energy spread of the electron
beam is approximately 0.3cV, wit}~  an uncertainty in the beam energy of + 0.1 eV, as
mcasur cd from the appearance potential fi~r excitation of the 1.yman--a transition.

“1’lic atomic hydrogen source lIa.s bccr~ dcscribcd  in detail by Slcvin and Stirling
(1 981). } lyclrogcn molcculcs  arc ciissociatcd in a clischmgc, cxcitcd within a radio
ficqucrmy (1<1~)  cavity, resonant at 36h41 Iz,. 1 lydrogcll  atoms effuse from a water cooled
pyrm discharge tube, past a quartz photorl trap and through a 1 mm capillary into a ficld-
frcc intmwtion region where they arc moss-fired by the electron beam. Photons emitted
from the interaction region arc dispersed by the VLJV nlonochromator,  with slit widths
chosen to ensure adequate scparatim of atomic line emissions. ‘1’hc Vuv
]~lol~ocl~r(j]klato~  provides prccisc  wavcdcng,th sc]cction, a factor which is critical in
quantifying the molecular contribution to tlm observed 1,ynlan-.a  signal. l’hc usc of an
oxygen  filter irl the previous work of [)t[ et al. (1 970) introduced ar~ uuccrtainty  as to
prccisc]y what spectrum was transmit[ccl to the detector

TIN polarization anal yzcr is showr~ in l~igurc 1 and has been described in detail by
Chwirot  ct al. (1 993) who also compaw its performance to other ar~alyxcr  designs. 3’hc
optical cw~stants of the silica mirror ~cqui~c  an angle of ir~cidcnce  of “/0° to reflect a
single plat]c. of’ J>olarization  only. A value of 0.85 (4 0.03) for the polari~ancc  c (or
cxtinc.tion  Ia.tio for the two orthogonal polmizations)  of tllc analyzc~  used in the present
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mcasurwncnts was mcasumct by Chwirol  et al. (1 993) for 1.yn]an cx radiation using the
gcon~ctty showl] in l;igurc  2. A channcltrm  positioned at the reflector angle is used as
the photo~~ ctctector with a CM-coated entrance cone to enhance the quantum efficiency at
1 ,yman-a. “1’hc usc of a fldly characterized (and stable) silica reflection polarization
al~alyzcr  in the present experiment represents a considerable advantage over previous
mcasurcmcnts which employed a 1.il~ rcflcc.tor. 1,il~ crystals arc hydroscopic and degrade
OVCI a period of” time when cxposcd  to the atmosphere. It is tl)us difficult to maintain
their long term stability and their usc as polarizers adds a n~murc  of uncertainty to the
cxpcrin~cl~ta]  data.

in order to climir]ate  any polarization effects that tl~ay  be induced by the
nmnochromator and detector systems, the grating is rotated such that the plane defined by
the monochromator entrance slit and optic axis is at 45° to t}lc electron beam axis (James
ct al. (1 997)). ‘1’hc theoretical basis for this orientation is dcscribcd  in clctail  by Clout and
Ilcddlc(1969) and l)onaldson cl al (1 972).

l’olarization  mcasumncnts  arc made in the convcntio]ml  manner by aligning the
anal yxcr axis such that signals proportions] to I It and ]J reach the detector. ‘1’hcsc
correspond to values of 45° and 135°, respcctivcly,  for the at@c (1 shown in l;igure  1.
“l-his  is achicvcd  by rotating the analyzer mirror and dctcctm assembly using a stepper
motor. lJsing an identical polarizer to that in the present cxpcrirmnt,.  Chwirot  et al.
(1 993) reported rmasurcrnents of the full angular distribution of l,yman-cx  radiation,
fitted to the WCI1 known functional form, confirming the validity and accuracy of this
cxpcrimcnta]  pmccdurc.

The entire cxperime,ntal  system is interfaced to a PC which controls the electron
beam energy and the stepper motor used to change the polat iza!ion anal yzcr orientation.
Measured signals arc normalized to the electron beam
pressure, eliminating these potcntia]  sources of systematic
a multiple scanning mode to rcducc the effects of any
parameters.

3.2 Correction proccdurc  for molecular contribution

cumnt and hydrogen source
cri or. 1 )ata arc accumulated in
d] iftillg in other cxpcrimcntal

Since tlw hydrogen bcanl is not fully dissociated, the observed photon signal at
121 5.7A contains a contribution flom molecular c~nission  wl~ic]] must bc quantified. ‘1’hc
molecular con~Jmncnt  results from 1,yman-a  radiation produced by dissociative
excitation of 1 l? , as well as radiation from molecular bands trarwmittcd  by the bandpass
of the l~~()~~oclllo~l~ator  (11’W1 lM 24A at typical slit widths of 600jm~).  In order to correct
the measured polarization data for tl~is  molcculat  contribution, the dissociation fraction
must bc mcasur cd, together with the polarization of a pure molecular hydrogen target
produced with tlw RF discharge c)ff.
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‘1’hc dissociation fraction is established in the manner  described by James et al.
(1997) by tuning tlw rl~c)~~ocl~ro~~~ator to an 1 IZ molcculm  band at 1100i (with the
bandpass  adjusted to cxc.ludc  any atonlic  component from 1.yman- CX) and measuring the
molecular emission with the discharge on and off at the smnc hydrogen source driving
prcssureand  clectro~l  beam current. “1’}lc dissociation fraction 1) is then related to these
two signals S](on) and S)(off) by the rclations}~ip

where ‘1’1 and ‘1’2 arc the cffcctivc  kinetic tcmpcraturcs in tl~c gas beam with the discharge
on and off, rcspcclivcly.  Woolsey  ct al. (1 986) and l;orand  et al. (1 988) measured these
kilmtic tcmpcraturcs in a similar source and found that tllc two tcmpcraturcs were equal,
contirmillg  the reasonable assumption that the source produces  a thcrml hcam of
hydrogen. A typical value for the mcasu~cd dissociation i~action is (0.65 ~ 0.02).

]f the signals  lncasurcd  at the two orthogonal orientations of the polarimtion
analyzer axis arc dcfil)cd as 1+ and 1- (corresponding to 1(135[’) and 1(450), rcsJ>cctively),
and the subscripts 1 o] 2, correspond to signals produced by atomic  or molcculal llydrogcn
tal gets, respcctivel  y, then for the pure molecular beam pjoduccd  with the l{l;  discharge
off, the measured molecular polarization (1’(112)) is given by

1; - 1;
1’(112)=1+  +1.

2 2
(6)

With the Rl; discharge OJI the beam contains both ~~ydrogen atoms and molecules,
a[~d the ratio of atonls  to the total number of par[iclcs ill the beam is givcm by the
dissociation fiactioll  1). 1 Jndcr these conditions

1+ =-1: -1 (l -- 1))1;
(7)

mid 1- ==1; +(1- 1))1;

‘ll~us the apparent polali~ation  ( P ) measured with the 1{1~ discharge on is givwl by

(8)

(9)
l)cfining, 1; +1;= 1:

and 1; t 12 = 1;
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‘1 ‘II(H) ~,- -VW(1- 10(!; -1;).
1; I (1-- 1))1;

(lo)

(11)

‘J ‘I)c polarization of the radiation resulting fron~ cxcitatiol~  of” IIydmgcn  atoms alone, 1’(1 1)
is tlicn given by

]; ..];
1’(]1) :  - lo

I
(12)

lilmlly wc obtain

(13)]’ -i ]’(] -- ]))K =- ]’,1 + (] - ]]) K] ’(}[2)

1;
where K “ ~

1,

and 1)1, = 1’+ (1 -- ]))K(]’ -- I’II[lj (14)

1°=1’+1-

= 1;+ (1- 1))1;

J- 0-1))1-’
L’2 J

‘1’hus the polarizatior~ for
l]~casurcmcnts  of the polarization

(15)

(16)

atomic h ydmgcn (1)

11) can bc obtained from separate
with the 1<1~ discharge m and off (giving 1) and l)(IIZ),

rcspcctivc]y),  together with a mcasurcmcnt  of the dissociation fraCtiOll ]). ‘1 ‘hc
pa?amctcrs 1° and Izo also ~wcdcd  to evaluate K are obtained by summing the signals
dctcctcd  at the two orthogw~al polarization a[~alyzcr  oric~l!atiwls  with the discharge on
and off, rcspcctivcly.

‘1’hc above analysis assurncs  that the polarimncc of the malyzcr  is unity. ‘J’hc true
polarization  of the atomic  radiatiml is obtained by dividing the result derived using
cquaticm (14) by the polarizancc  E. ‘1’IIC present data arc cmrccted by the Polarizarlcc
value of 0.85 for 1.yman- cx measured by ~hwi~ot  ct al. ( 199’3)
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3.4 Resonance trapping

Sitice trappil)g  of the resonance 1,yman-cx radiatio~~  by ambient atomic hydrogen
gencral]y leads to a reduction in the pola.rizalion,  it is csscml.ia]  to ensure that the co]Lmm
density of atomic hydrogen is such that the probability of absorption of a 1.ymam a
photon en route to the detector is ncg,ligib]  y small. ‘J’o ensure the absence of resonance
tlapping effects in the present cxpcrinm]t, mcasurcmcnts  arc made under conditions
where Ihc dctcctcd  photon signal is proportional to tile hydrogen source pressure.
Operating under Knudsen conditions at the beam source prcscrvcs  a linear relationship
bctwccn  the source pressure and the nulnbcr  density in tlic il]tcxaction  region. l’mvious
n~casurcnmnts  with this source described by James ct al. (1 997) verify the absence of
rcsonancc  trapping and associated depolarization effects fbr source pressures less than
46nlto1”r. ‘1’hc present cxpcrimcnt  was carried out at a souicc  pressure of -40n~torr.

4.0 RINU1 /“1’S ANI) I) ISCUSS1ON

‘1’hc cxpcrimcntal  data for t}~c 1,ynmn a polarization arc tabulated in l’able 1 and
cover the range of electron impact energies fionl near-thmshold to 1800 eV. ‘l’able I also
includes, for comparison, the previous experimental data of (Nt ct al. (1 970) and the ~~~
calculations of Bubclcv  et al. (1 995). “1’hcsc data arc illmbated  grap}lically  in l~igures  3
and 4, as well as the predictions of Mc}~adanc  (1974). l’hc errors on the cxpcrimcntal
data correspond to one standard deviation in the statistics, with an additional contribution
from identifiable sources of systematic, crtor as outlined ill ti~c. llrror Analysis Appendix.

~lcarly  the cxpcrimcntal  data arc in cxccllcnt  ag~cemcnt with the CXX results
over the entire rallgc of energy, cxccpt  fc)l a sing]c CXK datum at 14 cV. Since the CXE
results may be subject to some numerical instabilities  at energies close to threshold due to
strolig rcsonancc  effects in the cross section  at these cncrp,ics  (llray(l  997)), this particular
disagrccnlent  can not bc considered significa]lt,  Ovcrall,  the agtccrncnt  bctwccn  the (XX;
theory and cxpcrimcnt  can bc considered as cxccllcnt, Since data for cxpcrimcntal
mcasurcmcnts of the 2P excitation (Janm ct al(l 997) from this laboratory) and the same
C(X theory arc also in excellent accord, these polarimtion mcasurcmcnts further
confirm the csscntia] validity of the C(;~  approxi mat ion OVCJ the cnt irc range of energy
from threshold up the IIorn region at 1800 cV,

‘1’hc cxpcrimcntal  data arc also in good agrccmcnt  witl~  the llorn-McFarlanc  curve
at mcrgics  above 100 eV. “1’his  is a 10WCI  cl]crgy for l~ori~  vali(iity than that obtained for
the cross section measurements of James ct al(l 997), where tlm IIorn region was ~cachcd
only at cncrgics -1000 cV. l;rom an cxjminlental  point of view this convcrgcncc  of
cxpcrin~cI]t  and theory at big]) cncrgics  I)rovidcs strong cvidcncc  that our cxpcrimcntal
method is relatively free. ftom  any unk~wwn  systematic effects (for instance, in the
polarizamc of the ana]yz,u,  or the prcscncx of low energy secondary electrons). in this
respect it is noteworthy that the (Xt ct al(l 97o) data at high cncrgics  (limited to 700cV)
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lies significantly above the theoretical results, suggesting the prcsencc  of some small
systematic effect in these data,

‘J’hc present polarization data for 1,ynlan-a_  arc ???? than the earlier data of Ott ct al
(] 970) over most of the range of energies reported ( by approximately ??? in the energy
region from tln-csho]d  up to ??? eV ) suggesting some systematic ctiffcrcncc  between the
two cxpcrimcnts. ‘1’hc usc of a monochromator  for wavelength selection, permitting
accurate subtraction of the molecular compcncnt  of tllc 1,yman-a  signal, as WCII as a
more stable polarization allalyzcr,  would suggest fewer sources of systematic error in the
present experiment.

2 the discrepancy bctwccn our data ancl those of C)tt ct al cannot bc explained in terms of
an inaccurate dctclmination of the polarizancc  of either analyzer. CM et al (1970)
measured a value of 0.94 for the polarizancc  of their 1,il~ IIrcwstcr an~lc  analyzer by a
tcchniquc  in which an idcntica]  crystal was used to polarize an unpolarized beam of
photons produced by c]cctron impact excitation of atomic hydrogen at high energy. ‘J’hc
electron energy used by C)tt  et al (1 970) for this mcasurcmcnt  is not spccificd  bul is
prcsunlably  around 200cV since the radiation produced at any other energies will bc
polarized. ‘1’hc apparent polarization mcasulcd  by CXt ct al under these conditions was
assumed to bc givcl~ by 1) == e2. Subsequent mcasurclncnts  on a similar design of 1.il~
reflection polarizer by 1 lippler et al (1985) yielded a similar value for e. of 0.9. 1 lowcver,
if the Ott polarization data arc corrcctcd  using a polari?ance  of 0.9 the values for their

data will increase by approximate] y 4%, resulting in an even larger discrepancy. As far
as the value of ().85 (4 0.03) used for the po]arizzmcc in the present experiment is
conccrncd  it also seems unlikc]y that this could bc in significant error given the rcccnt
measurement of ~.hwirot  and Slcvin (1 992). lndccd,  the present data are in excellent
agrccmcnt  with all theories at 54.4 CV and any change in the value of the polarizance  &
would scale all of our data, including that at 54.4 cV. l~inaily,  the excellent agrccmcnt
with IIethc-l]orn at high energies confirms the accuracy of the polarizancc  of our
analyz.cr. ]n tlwsc circums[anccs,  wc argue that the present data provide the best
determination of tl~c polarization of 1,ymaw -a radiation in the energy range from ncar-
thrcsho]d to ‘-2 kcV.

‘1’hc cxpcri]ncl~tal  data arc also compared witl~ other thcol ctical  calculations in l;igurc 5.
‘1’hc theoretical results correspond to the R-matrix and ~losc coupling,  Approximations
(c~~) ( Callaway  et al (1994) and Wyngaarden  and Walters (1986)); a IJistorted  Wave
IIorn Approximation calculation (I) WIIA) (hladison et al (1 994)); and finally the
l{ikcmal  Ilorn Series l;xpansion (1;11S) (.loac}lain et al (1 989)). our polarization data arc
in cxccllcnt  a[yccmcnt  with ~~ and 1) WIIA thcorct  ical calculations in the energy range
from 50 to 100 CV and the agrccmcnt  is particularly good at the irnporta[~t  energy of 54.4
eV. At energies from threshold to 40 eV, however, our data are consistently below the
predictions of all the theoretical calculations, whereas in Ihc higher clicrgy region above
100cV our data lic above these predictions. IIoth of the (~~ calculations show strong
resonance features in the threshold energy region. IIccause  the energy resolution of our

11



electron bcaln is -0.5 CV this rcsonancc  behavior would not be seen in our data.
Not withst  ancling  this, the Cl results in this energy region averaged over our energy
resolution arc still significantly higher than our data,  ‘1’hc .agrcclncnl bctwccI)  theory and
experiment in the energy range from 100cV to 300 CV is only fair and the theoretical data
Iic outside the error bars of the experimental data for all of the points shown.

l’hc experimental dctcrn~ination  of the energy at which the pf~larizdion  is m-o gives a
value of Y for the parameter l;O = 1{/4 cj anti a value of Z for the ]Icthc Parameter Cj
‘1’his con~pares with the widely used value of 0.408 based on the calculations of
lnokuti(19’71),

It is also noteworthy that the experimental polarization data fol 1,yman- u do not tend to
the l’crcival  and Scaton (1958) limit of 0.4?, at threshold , an effect which has also been
SCCII  in the polarization rcsu]ts for tl~c resonance lines of hcliulll (SCC McC;onkcy?  ??).
1 ]owcvcr,  it should bc noted that the thrcsho]d polarization I nay WC]] be masked by the
electron beam energy resolution of-O.4  CV obtaining in the plcscnt  cxpcrimcnt.

5.0 1;1<1{01<  ANAI ,YSIS

A comprchcnsivc  analysis of statistical and systematic errors was performed in order to
cictcrminc the limiting accuracy of the present n~casurclncnts.  ‘l’he total error in the
mcasurcmcnt  relates to the errors in the individual terms in equation (1 4), namely:

(1) the statistical errors in the observed count rates 1 ~ and l!
(2) the error in the dissociation fractiol~ 1],
(3) the error in the polarizancc  c (silwc the value of 1’ ,[ in equation (14) must be
ciividcd  by c in order to obtai])  the true polarization).

“1’l~c  CI t or in tllc observed polarization is calculated in the usual way by carrying out a

II1’,,
‘1’aylm Series expansion of the quantity - c [ l)}l/c]  with respect to all of the above

qum~titics  ancl then combining tllc individual error contributions in quadrature. l’ypical
values for the individual relative crIors at an energy of 54.4 CV arc 2.7°/0 (discharge on
count rates), 0.2°/0 (discharge off count rates), <0. 10/0 for 1> a~~d 3.5°/0 fol c combined in
quadrature to yield a total error of + 0.6 in a ~ncasurcd  polari~a[ion  of 10.570.

As cxpcctcd,  the largest errors occur at clc(;tton impact cncr[;ics  where the cross section
results in lower signal rates. l~or example, at energies near tl~rcshold  the total error in the
nwasumd  I I(2P) polarization is 10/0, whereas it] the region of the peak c~oss section for
cxcitat  ion of 1,yman-u  (around 40-70cV  ) the total error reduces to approximately 0.5°/0.



.

‘1’hc silica reflector in the polarization analyzer will, in practice, accept a cone of angles of
incidcncc  of the dctcctcd  radiation on the ]nirror surface about  the nominal angle of
incidence of 70” . ‘1’hc VUV monochromator  has an f 4.5 optical systcm with the
diffraction grating used which would result in an acccptmlcc  conc half-angle at the
reflector surface of 6.3°. 1 lowcvcr,  aperture stops arc inch]dcd  both at the exit of the
interaction region and at the cntrancc  of the analyz.cr that cffcctivcly  restrict the
acceptance  cone  half-ang]c  of the analyxcr to approxi~natc]y  3°. “1’hc resulting
dcpolarimtion effect can bc shown to bc ~lcgli~iblc  (Chwimt  and Slcvin (1 993)).

It might bc argued that our polarimtion data could bc affcctcd by f 1(2s) mctastablcs being
quenched within the intcracticm volume by any stray electric [ic]ds, possibly produced by
space charge in the electron bcatn.  Such a process would cause a reduction in the
measured polarization.

l;inal]y,  it should bc noted that the observed photon sip,nal  will include a contribution
from n]) states populated by cascade processes from hi@cl-lying  states rather’ than by
ciircct excitation. I lcddlc  and ~ial]aghcr  (1989) have USWI the horn cross section
calculation of Vainshtcin  (1 965) to cstimalc  this cascade contribution in the case of
1.yman-[x  to bc of the order of 2% from states with n=-3 -6. If it is assumed that cascade
proccsscs  populate the magnetic sublevels equally, then the ~lmasurcd  ]mlarization  values
at cncrgics  above the cncrgctic  thrcsho]d f(n cascading transitions should bc reduced by
this factor. 1 ]owcvcr,  duc to the considerable uncertainties involved in this corrccticm
procedure and since the changes involved arc very small it was dccidcd not to attempt to
make a cascactc correction. in these cilcumstanccs  our dnta should bc v i e w e d  a s
rcprcscnting  an upper limit at least in so far a,s cascade effects arc conccmcd.

6.0 ~ONC3  ,lJSIONS

‘J’hc polari~atioli  of 1.yman- u radiation produced by clcctro]~  i~npa.ct  excitation of atomic
hydrogen in the energy range from thrcsho]d to 1800 eV has been measured in a crossed-
bcam cxpcrimcnt  using a si Iica reflection Iincar polarization anal yz.cr. ‘J”hc present
cxpcrin]cnta]  I csults  have been compared to the data of (M ct al ( 19’70) (in the case of
1 ,ynlall-cx) and to the latest thcorctica]  calculations. ‘J’l)cy arc in cxccllcllt  agrccmcnt with
the ~~~ results of llray and his collaboratcm  over the entire mng,c of energy. l’hcy arc
also in good agreement with R Matrix and close-coupling calculations in the low energy
regime. “1’hc present data arc significant] y different ftom thr previous cxpcrimcntal  dfita
of Ott ct al(l 9’70), and it is arg,uc(t  that the present data arc likt:ly to bc more accurate.
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